Theoretical models predict that a balanced sex ratio is optimal for most diploid species [e.g. [1] [2] [3] [4] . 3 However, the adult sex ratio varies substantially both across species and populations, and a large body of 4 research has analyzed the evolutionary consequences of skewed sex ratios. In particular, the impact of sex 7 Testing the effect of conditioned flour on female fitness 1 Flour used by Tribolium beetles gets "conditioned" by the accumulation of secreted quinones, 2 pheromones, and excreta. We tested whether flour conditioned by FB and MB groups differentially 3 affects the fitness of females exposed to the flour. We allowed FB and MB groups (constituted as 4 described earlier) to condition 4g of flour for 10 days. After this, we removed the adults, froze the flour at 5 -80 °C for 15 minutes and sifted it through a fine mesh (300 µm pore size, Daigger) to kill and remove 6 juvenile stages. We placed a virgin male and a virgin female (both 7 day old) in 2g of this conditioned 7 flour for 6 hours, 1 day or 4 days (n = 12 pairs per conditioning treatment per duration of exposure).
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Following this, we isolated the female from each pair and allowed her to oviposit for 24 hours in fresh 9 flour. The next day, we counted the number of eggs laid per female as a measure of fecundity. Thus, we 1 0 obtained female fecundity after 6 hours, 1 day and 4 days of exposure to flour conditioned by either MB 1 1 or FB groups. In a second experiment, we conditioned the flour using either female-only or male-only 1 2 groups of beetles (three 7-day-old virgin beetles of the same sex). We then introduced a male and female 1 3
(7-day-old virgins) into 2g of this conditioned flour for either 6 hours or 24 hours (n = 11-12 pairs per 1 4 conditioning treatment per duration of exposure). Following this, we estimated the number of eggs laid by 1 5 each female as described above. Testing the impact of stink gland contents on female fecundity 1 8 Flour beetles have paired abdominal and thoracic stink glands that secrete a mix of chemicals including 1 9 toxic quinones [26] . To test whether secreted products from beetles' stink glands directly alter female 2 0 fitness, we measured female fecundity after a brief exposure to abdominal stink glands. We paired 7-day- old virgins (1 male + 1 female) in 2 g flour for 2 days (n = 10 pairs per treatment). We separated the 2 2 females and transferred them individually into a 35mm Petridish whose bottom was covered with a filter 2 3 paper for traction, and a thin layer of flour to avoid starving the beetles during the assay. On the same day, we separately dissected abdominal stink glands from 60 MB and 60 FB females (sex ratio groups 2 5 constituted as described earlier). For each set, we used a micro-pestle to pool and homogenize the glands 2 6 8 in 300μl hexane, and centrifuged the suspension (5000 rpm, 5 minutes). 10μl of the supernatant was thus 1 equivalent to the abdominal gland content of 2 females. We then preformed serial dilution of the 2 supernatant to obtain abdominal gland content equivalents of 0.75, 0.5, 0.25, 0.1, 0.05, 0.025 and 0.001 3 females in a total volume of 10μl (n = 5-6/ dilution/sex ratio). We soaked filter paper discs (10 mm 4 diameter) with 10μl of the supernatant (or hexane as control), kept them under laminar air flow for 10 5 minutes to evaporate the solvent, and then placed the discs at the center of a Petriplate containing the 6 experimental female. Twelve hours later, we tested the fecundity of each female as described above. quantified the amount of EBQ and MBQ produced by females in MB and FB groups. We constituted MB 1 1 and FB groups as earlier (n = 10 groups per sex ratio), and after 7 days we dissected abdominal and calibration, we used pure MBQ (Sigma) and lab-synthesized EBQ (see SI Methods).
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Finally, to directly test whether quinones regulate fecundity, we exposed 9 day-old test females 1 7 (reared as a single mating pair for 2 days before exposure, as described above) to abdominal stink gland (Fig 1) . Thus, increased opportunity for female mate choice was unlikely to explain the higher 1 fitness of MB females. An alternative hypothesis is that male mate choice drives female fitness. This 2 hypothesis predicts that within replicates of UB and FB groups, only one female would have high fitness.
3
However, when we only considered the female with the highest fitness in each group, we still found that 4 MB females outperformed FB and UB females (Fig S2E) . Thus, it is unlikely that opportunity for male or 5 female mate choice was responsible for the increased fitness of MB females. Nonetheless, we specifically 6 tested the impact of sex ratio on mating behaviour and female fecundity. We found that although MB 7 females received more matings and tended to spend more time in copula (Fig S3, Table S2 ), female 8 fitness was not correlated with either of these behaviours (Fig 2) . In other words, adding mating 9 behaviours to a model with group sex ratio as an explanatory variable did not improve the model fit 1 0 (Table S2) . Group sex ratio did not affect other aspects of mating behaviour (Fig S3) . Thus, sexual 1 1 interactions between individuals could not explain the higher fitness of MB females. Female-secreted benzoquinones explain the fitness impact of sex ratio 1 4 Flour beetles secrete toxic compounds in the flour, which are suggested to decrease female fecundity at groups was responsible for the decreased fecundity of FB females. To test this, we measured the 1 7 reproductive output of mated females exposed to flour previously "conditioned" by either FB or MB 1 8 groups. We found that females responded rapidly to cues in conditioned flour, with a large reduction in 1 9 fecundity after only 6 hours of exposure to flour conditioned by FB groups ( Fig 3A, Fig S4A; Table S3 ).
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Critically, flour conditioned by females also produced a similar decline in fecundity ( Fig 3B, Fig S4B; 2 1 Table S3 ). These results indicated that the reduced fitness of FB females was mediated by female-2 2 secreted chemicals in the flour, rather than via direct inter-or intra-sexual interactions.
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Previous work shows that female flour beetles secrete more quinones (produced by stink glands) 2 4 than males [25, 27 ]. Hence, we tested whether stink gland secretions (rather than other secretions or 2 5 excreta in the flour) were responsible for the observed effects of female-conditioned flour on female 1 1 fitness. We found that fecundity of previously mated test females decreased after exposure to abdominal 1 stink gland contents of FB females, whereas gland contents of MB females did not alter fecundity ( Fig   2   3C ; Table S3 ). These results confirmed that the contents of female stink glands directly affected female 3 fitness. Next, we measured the concentration of benzoquinones (ethyl benzoquinone, EBQ and methyl 4 benzoquinone, MBQ) in abdominal and thoracic stink glands dissected from females from MB vs. FB 5 groups. We found that stink glands of FB females had higher amounts of both EBQ and MBQ (Fig 3D; 6 Table S3 ), suggesting that these quinones may be responsible for lower fecundity of FB females. Finally, 7 we tested whether adding quinones to gland extracts of MB females could mimic the effects of glands 8 from FB females. Indeed, we found that adding EBQ or MBQ to stink gland extracts of MB females 9 reduced the fecundity of test females (Fig 3E; Table S3 ).
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Together, our results show that at high female density (i.e. in UB and FB groups), females 1 1 upregulate EBQ and MBQ production, suppressing oviposition by all females in the group and resulting heritable trait that can rapidly evolve under selection in laboratory populations, and is controlled by a 1 single (or few) genes [40] . Thus, density dependence itself may evolve via sensitivity to quinones. Higher 2 quinone sensitivity in females may also explain our observation that male mortality was not affected by 3 group sex ratio, even though males were exposed to high quinone levels in FB and UB groups. it is fairly straightforward to explain the lower lifespans of UB and FB females. However, it is more 9 difficult to explain the mechanism responsible for poor immune function in these females. One possibility 1 0 is that similar to the impact on lifespan, quinone toxicity may decrease overall body condition, resulting 1 1 in poor immune responses. Alternatively, quinone production may trade off with innate immunity.
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However, these possibilities need to be explicitly tested. Although our results suggest that quinones confirm this and to test whether females may also control the secretion rate of stink gland contents in a 1 5 density-dependent manner. The precise mechanism through which benzoquinones suppress fecundity also 1 6 remains to be elucidated; possibilities include direct effects on egg maturation or oviposition behaviour, 1 7 or indirect effects via physiological costs of producing quinones.
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Our finding that female fitness increases as a function of male biased sex ratio contradicts some females. As the authors discuss, these data suggest that females became more sensitive to (as yet . Re-analyzing these data, we found that per capita female 6 fitness decreased as a function of the proportion of females in the group (Fig S5A) . Similarly, in another 7 set of experiments (Wade, unpublished data), per capita female productivity declined as a function of the 8 number of females in groups with different sex ratios maintained at a constant density (Fig S5B) . Despite 9 the many differences in experimental design, these results support our findings and suggest that female 1 0 resource competition may be the most important determinant of female fitness in T. castaneum. 1 1 In closing, we suggest that the role of females in the evolution and consequences of group sex 1 2 ratio has generally been underappreciated so far [13] . This is unfortunate because sex ratios provide a non-sexual competitive interactions. Specifically, we show that females use benzoquinones as a major 1 6 weapon in this warfare, although the mechanism responsible for the resulting suppression of fecundity 
